Cryo-electron microscopy is a form of transmission electron microscopy that has been used to determine the 3D structure of biological specimens in the hydrated state and with high resolution. We report the development of 4D cryo-electron microscopy by integrating the fourth dimension, time, into this powerful technique. From time-resolved diffraction of amyloid fibrils in a thin layer of vitrified water at cryogenic temperatures, we were able to detect picometer movements of protein molecules on a nanosecond time scale. Potential future applications of 4D cryo-electron microscopy are numerous, and some are discussed here. Communication pubs.acs.org/JACS
S tructural biology is entering a new and exciting age. It is clear that the structure−function paradigm is insufficient to fully establish the molecular mechanisms of many biological processes and that the integration of the fourth dimension, time, into structural biology methods is fundamental to our understanding of the relationship between structure, dynamics, and function. 1 Four-dimensional electron microscopy 2 (4D EM) has recently been extended to the realm of biological structures, making possible imaging of the motion of DNA networks 3 and amyloid-like microcrystals. 4 However, 4D EM of biological specimens under native-like conditions has not been realized. It has been proposed that 4D cryo-electron microscopy (4D cryo-EM), in which a protein molecule is embedded in glassy ice, would permit the visualization of the ultrafast dynamics of biomolecules in a fully hydrated state, 5 but to date imaging of the motions involved has not been reported.
In this communication, we present a proof-of-principle set of experiments showing that it is possible to obtain 4D cryo-EM images and diffraction patterns of a network of insulin amyloid fibrils, a prototypical biomacromolecule, 6 in a time-resolved manner and directly visualize the movements of the constituent protein molecules. The length and time scale involved are picometer and nanosecond, respectively.
The concept of the experiment is as follows: the high spatiotemporal resolution of 4D EM is used to visualize the dynamics of a thin film of photoresponsive amyloid fibrils embedded in vitreous ice ( Figure 1 ). A precisely timed laser (pump) pulse and electron (probe) pulse are used, respectively, to heat/excite and image/diffract the sample using different delay times, thus generating a series of "frames" at discrete time points ( Figure 1 ). This time series of frames directly shows the structural dynamics of the fibrils in the environment of living organisms, i.e. hydrated. 7 Amyloid fibrils have a characteristic "cross-β" structure composed of paired hydrogen-bonded β-sheets running parallel to the long axis of the fibrils. 8 The regular interstrand spacing results in a distinctive 0.48 nm cross-β reflection in X-ray 9 and electron fiber diffraction 10 ( Figure 2 ). By triggering an expansion of the cross-β interface using a temperature jump, we can accurately determine the stretching of the β-sheets ( Figure 3 ) by monitoring the change in radius of the 0.48 nm fiber diffraction rings.
Many proteins are poor absorbers of visible light, and so to efficiently transfer heat into the fibrils, we bind a small amyloidophilic dye molecule, Congo red, to the outer surface of the fibrils. 11 Note that the Congo red molecule does not perturb the cross-β structure and that by exciting the dye directly, energy is transferred to the fibrils within the vitreous ice.
To begin, we performed T-jump experiments on the amyloid fibrils deposited on lacey carbon grids using the stroboscopic mode of our 4D EM at room temperature (Figure 2a Four-dimensional cryo-electron microscopy of biological specimens. A biological specimen, here we use amyloid fibrils shown in yellow, is embedded in glassy ice and heated using a (pump) laser pulse. A timed (probe) electron pulse is used to image/diffract the hydrated sample at different delay times. The induced movements in the protein assembly can be determined from changes in the timeresolved diffraction patterns. The representative amyloid fibril image was created using PDB ID 2m5m and EMDB ID EMD-2323. 8 fwhm, 25 ns jitter) at the LaB 6 source to generate probe photoelectron packets, and using a (green) pump fluence of ∼6 mJ/cm 2 at a 1 kHz repetition rate, we collected a series of fiber diffraction frames using delay times ranging from −100 to 500 ns in 50 ns increments. As expected, before time zero, there are no dynamics (Figure 3a ). There is then an immediate expansion of the fibrils (Figure 3a ) as the laser pulse heats the sample, by ∼2 K (see Supporting Information [SI] and Figure S2 ), resulting in a decreased radius of the interstrand reflection (in reciprocal space, Figure 2b ). At room temperature, this relative expansion Δx/x e , where Δx is the expansion and x e is the equilibrium separation (i.e., 0.48 nm), is 4.0 ± 0.2 × 10 −3 (Figure 3a ) corresponding to 1.9 ± 0.1 pm (Figure 3b ).
Since the fibril heating is uniform and homogeneous, the expansion along the long axis of the fibril can be considered to be a stretching of Δx/2 = 1 pm (1.9/2 pm) in opposite directions (Figure 3b ). It is important to note that these dynamics do not arise from expansion of the lacey carbon substrate, as control experiments were performed on both silicon nitride and bare copper grids, and the dynamics were identical.
Next, using a temperature-controlled cryo-holder, we lowered the temperature of the fibrils to 118 K via liquid nitrogen cooling of the specimen holder. In this way, a T-jump experiment (using the same pump fluence as before) was performed to investigate the fibril dynamics at liquid nitrogen temperatures in the absence of vitreous ice (Figure 2c,d) . Interestingly, we found an increased expansion of the hydrogen-bonded β-sheets (Figure 3c, d ) compared to our room temperature experiments, namely, 7.4 ± 0.3 × 10 −3 corresponding to a total expansion of 3.5 ± 0.1 pm (or 3.5/2 = 1.8 pm in opposite directions, Figure 3d ). This may be due to an increased absorption cross section of the dye at low temperatures, 12 or it may reflect a decrease in the heat capacity of the fibrils at low temperatures 13 via:
where f and C P are the absorbed energy per unit volume and heat capacity of the material, respectively, T is temperature with T e being the equilibrium temperature and ΔT the temperature jump. Since the pump fluence is unchanged from the room temperature experiments, either the absorbed energy has increased due to enhanced absorption of the Congo red dye at low temperatures, or the heat capacity of the fibrils has decreased in the colder environment. Either way, the temperature jump must have been doubled at 118 K to give rise to twice the fibril expansion relative to that measured at room temperature (Figure 3a−d) . Finally, we measured the dynamics of fibrils embedded in unsupported vitreous ice at 118 K. Despite the strong attenuation of the (photo) electron beam by the vitreous ice, the fibril ring at 0.48 nm is still clearly visible (Figure 2e,f) . Note also the presence of the characteristic diffraction rings from vitreous ice 7 with a strong, broad ring at 0.37 nm and a weaker ring at 0.21 nm indicating that the fibrils are in the aqueous environment (Figure 2f ).
Using the same pump fluence as before (∼6 mJ/cm 2 ), we again saw an increased expansion of the hydrogen-bonded βsheets upon initiation of the laser-induced T-jump with a relative expansion of 11.3 ± 1.2 × 10 −3 (Figure 3e ) corresponding to a movement of 5.4 ± 0.6 pm (or 5.4/2 = 2.7 pm in opposite directions, Figure 3f ). This increased expansion by almost a factor of 2 compared to that measured at 118 K in the absence of glassy ice can be rationalized by considering that amyloid fibrils are mainly stabilized by a network of interbackbone hydrogen bonds 8, 14 (Figure 3b,d,f) . From experiment 15−17 and computation, 18 the strength of a hydrogen bond in vacuum is ∼4.8 kcal/mol which is reduced to ∼1.5 kcal/mol in the presence of water. Therefore, we interpret the increased expansion of the β-sheets following the T-jump (Figure 3e ) as a reflection of the weakening of the fibrils' hydrogen-bonding network in the aqueous environment (Figure 3f ) making the fibrils more stretchable. In conclusion, we have shown that the development of 4D cryo-EM enables the detection of picometer-scale movements occurring in hydrated proteins on a nanosecond time scale. This proof-of-principle experiment paves the way for ultrafast structural dynamics studies of 2D membrane protein crystals 19 and 3D micro-or nanocrystals 20 embedded in vitreous ice. Indeed, the conformational changes in biologically active protein crystals are often much larger than the ∼5 pm movement we have detected here, and many of these movements occur on the nanosecond, or faster, time scales. 21 It is for these reasons that we expect that 4D cryo-EM will have wide-ranging applications in the exciting field of dynamical biology.
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Materials and methods, a close-up view of the amyloid fibril network ( Figure S1 ) and calibration of the lased-induced temperature jump via temperature-controlled static diffraction ( Figure S2 ). This material is available free of charge via the Internet at http://pubs.acs.org. 
